INTRODUCTION
============

Metals and metallic alloys have been used for hundreds of years in dentistry. Cobalt-chromium (Co-Cr) alloys have been preferred for a long time because of their high strength, hardness, corrosion resistance, and low cost.[@B1][@B2][@B3] Today, by developments in additive manufacturing (AM) and laser technology, Co-Cr metallic dental prostheses or prosthetic parts are manufactured via three dimensional (3D) metal printers and metal laser sintering (MLS) systems that have become alternative to conventional casting methods.

Different laser sintering systems use the terms as selective laser sintering (SLS) or direct metal laser sintering (DMLS) and selective laser melting (cushing) (SLM) for the MLS process. SLS and DMLS terms express the same procedure. However, SLS used materials such as plastics, glass, and ceramics, whereas DMLS is attributed to the process applied to metal alloys. In this process, the powder is not fully melted. It is heated to the point that the powder granules can fuse on a molecular level. In SLM, the powder is fully melted. In metal alloys, there is no single melting point; there are, however, melting range. When working with metal alloys, it is claimed that the SLS or DMLS technique works better; however, when laser sintering pure titanium, the SLM technique should be used. The parts fabricated with the SLM technique claimed to have fewer or no voids when using with a single metal powder. In this study, the term MLS is used for the laser sintering systems that sinter Co-Cr alloy powder.

MLS has various advantages over conventional methods. In this technique, different dental laboratory procedures such as waxing, investing, and casting are eliminated. Additionally, distortion of dental frameworks is prevented, and working time and the human-related (dental technician, clinician) errors are decreased. Nevertheless, high installation and equipment costs are the main disadvantages of this technology. However, the widespread use and the launching of different MLS systems have led to a decrease in costs.

In the MLS method, metal parts are produced directly by the AM technology, which is named as powder bed fusion. The standard tessellation language (STL) of the 3D computer-aided-design (CAD) model is used for data transfer to the MLS system. MLS system software receives the STL data, and the manufacturing begins with layer-by-layer production by fusing fine layers of metal powder by means of a high-power source of a focused laser beam. It uses the heat of a solid-state laser for sintering metal powders.[@B4]

In many studies, the corrosion behavior, microstructural and mechanical properties of laser-sintered, milled and cast Co-Cr alloys are investigated.[@B2][@B3][@B5][@B6][@B7][@B8][@B9][@B10][@B11] Moreover, metal-porcelain bond strength, internal and marginal fit of Co-Cr copings fabricated with the cast, milled, and laser sintering methods were compared.[@B7][@B10] Most of the studies revealed that laser sintering methods are superior to the other methods.

The corrosion resistance of metallic prostheses or the metallic prosthetic parts should be high enough to use them in extreme aggressive oral conditions. In corrosion, released metal ions cause deterioration of metallic alloys and produce adverse oral or systemic effects on patients. In the oral cavity, saliva and other external factors create a biochemical medium. Therefore, the chemical stability and corrosion resistance of the metallic parts of the dental prostheses made of different alloys are crucial factors for clinical success.[@B12]

MLS systems, which are widely used in dentistry in last decade, are fundamentally similar, but differ in their process parameters, such as laser power, scan speed, laser strategy, specific powder, powder compacting method (with roller or recoater).[@B2][@B3][@B4][@B5][@B6][@B7][@B8][@B9][@B10][@B11][@B12] In addition, some properties of these systems are business secrets.[@B13] However, each difference in production parameters can affect the product properties such as mechanical, microstructure, and corrosion resistance.

MLS system manufacturers claim to create more homogeneous, porosity-free, and corrosion-resistant structures when marketing their systems. In this study, the corrosion resistance of different MLS systems used for the fabrication of fixed dental prostheses and removable denture frameworks with their recommended Co-Cr-based powders are evaluated.

MATERIALS AND METHODS
=====================

A total of 40 cylindrical Co-Cr specimens, 4 mm in diameter, 30 mm in height, were produced with five different MLS systems. All of the specimens were fabricated layer-by-layer vertically, starting from the bottom of the cylinder. The general properties and process parameters of the systems are shown in [Table 1](#T1){ref-type="table"}. Co-Cr alloy powders and their contents are shown in [Table 2](#T2){ref-type="table"}. The Co-Cr powders used were system-specific or the powders recommended by the MLS system manufacturers.

After production, all specimens were sandblasted with 50 µm Al~2~O~3~ and applied heat treatment according to the manufacturers\' recommendations. The finishing and polishing procedures were performed on one flat-end surface of the cylinder using light pressure under standard conditions with a high-speed polishing machine. Metallographic polishing procedure was completed with 1-µm diamond paste and the specimens were cleaned with ethanol in ultrasonic bath for 5 min.[@B1] For each of the three electrodes, to be used as electrodes for electrochemistry tests, 2 mm-thick, 6 cm-long copper wire was soldered to one end. Epoxy resin was used to coat the specimens, excluding their polished surfaces and the tip of copper wires to be used as an electrode. The surface area of the electrode of the specimens was as 12.56 mm^2^.

All electrochemical measurements were conducted in a 25 mL lactic acid buffered artificial saliva solution (AS) (Fusayama-Meyer, Chromatographic Specialties Inc., Brockville, Canada) with a pH of 5.3, at 37℃ which was open to atmosphere.[@B1] Before each experiment, the AS was refreshed. It was composed of 1.000 g urea; 0.906 g CaCl~2~, 2H~2~O; 0.690 g NaH~2~PO~4~, 2H~2~O; 0.400 g KCl; 0.400 g NaCl; 0.005 g Na~2~S, 9H~2~O (Sigma Chemical Co., St. Louis, MO, USA). The solution was diluted with deionized water to 1000 mL.

Electrochemical measurements were performed in a three-electrode cell using CHI-6011D potentiostat for three specimens from each group. The prepared electrodes (0.126 cm^2^), saturated calomel electrode (SCE), and platinum foil were used as working, reference and counter electrodes, respectively. The working electrodes were held in AS\'s to determine the steady-state of open circuit potential (E~ocp~) values for 10 hours ([Fig. 1](#F1){ref-type="fig"}).

The electrochemical impedance spectroscopy (EIS) was performed for all specimens in AS (25 mL). EIS measurements were carried out using AS (25 mL) with an amplitude of 5 mV, within a frequency range from 10^5^ to 10^−2^ Hz at the E~ocp~ of the substrates. The Nyquist ([Fig. 2](#F2){ref-type="fig"}) and Bode ([Fig. 3](#F3){ref-type="fig"}) plots for each specimen were recorded, and the average behavior of each repeated group was plotted. The diameter of the semicircle in Nyquist plot shows the charge transfer resistance (R~ct~), and the specimen with the largest semicircle corresponds to the most corrosion-resistant one ([Fig. 2A](#F2){ref-type="fig"}). The semicircle diameter corresponds to equivalent circuit models, which were generated using software (ZsimpWin V350, AMETEK, Berwyn, IL, USA) based on the data obtained by EIS measurements. In [Fig. 2A](#F2){ref-type="fig"}, the equivalent circuit model utilized for all specimens is shown. In [Fig. 2B](#F2){ref-type="fig"}, it is shown that the experimental Nyquist impedance curves were fitted well to this equivalent circuit model. The R~ct~s obtained by fitting the impedance data corresponds to one of the circuit elements.

The static immersion test in polypropylene tubes was applied to three specimens from each group. The 12.56 mL de-ionized water and Fusayama-Meyer AS were used as an electrolyte solution, respectively. Polished specimens were stored in the sealed tube at 37℃ for 7 days. The released ions were determined as ppb (µg/L) using inductively coupled-plasma mass spectrometry (ICP-MS) (X SERIES 2, Thermo Fischer Scientific, Bremen, Germany).

Surface microstructures were analyzed by a scanning electron microscope (SEM) (NOVA Nanosem 650, FEI, Eindhoven, Netherlands). Two polished specimens from each group were examined. The specimens were also exposed to energy-dispersive X-ray spectroscopy (EDS) analysis (EDAX Inc., AMETEK Inc., Berwyn, IL, USA). After immersion, the specimen surfaces were subjected to SEM evaluation.

After SEM examination of the specimens, they were repolished and etched for 30 seconds at room temperature with hydrochloric acid/hydrogen peroxide (80:20, v/v) (Sigma Chemical Co., St. Louis, MO, USA). Etched specimens were again examined by using SEM.

Results were analyzed statistically using the SPSS software (SPSS/PC, Vers. 23; SPSS, Chicago, IL, USA). The results of the E~ocp~, R~ct~/Ω cm^2^, and total released ion amount (µg/cm^2^ × 7 d) of the groups were subjected to repeated measurements of analysis of variance (ANOVA) at separate factorial level. Tukey\'s test was used to determine the difference between factor level means.

RESULTS
=======

The E~ocp~ values of specimens changed rapidly up to one hour. There was a gradual increase in E~ocp~ values during the first two to three hours upon insertion into the solution. The potential of all samples became relatively stable at about −0.2 V (vs. SCE) after six hours due to a slowly forming unstable oxide layer. The E~ocp~ values shifted to more positive potentials in SB-SLM, SP2-Mys, SP2-EOS, RS-MLab, and ST-Pro, leading to more protection resistance ([Table 3](#T3){ref-type="table"}).

As a result of the ANOVA calculated from the data obtained in terms of E~ocp~ values, time × specimen group interaction was found to be statistically significant (*P* \< .05). This means that in each specimen group and among specimen groups, the difference between the E~ocp~ values changes over time. According to these results, Tukey\'s tests were performed, as shown in [Table 3](#T3){ref-type="table"}.

After 15 minutes, SP2-EOS and RS-MLab had the highest and the lowest R~ct~ value, respectively. After 1 hour, the RS-MLab and ST-Pro reached the highest and the lowest R~ct~ values, respectively ([Table 4](#T4){ref-type="table"}).

Time × specimen group interaction was also found to be statistically significant as a result of the ANOVA of the data obtained in terms of R~ct~/Ω cm^2^ values (*P* \< .01). After 15 min, the values of the SP2-EOS were greater than those of the ST-Pro, SP2-Mys, and RS-MLab. Hence, there was no statistically significant difference among the mean values of the ST-Pro, SP2-Mys, SB-SLM, and RS-MLab (*P* \> .05). After one hour, there was a statistically significant difference among groups (*P* \< .05), and RS-MLab had the highest values, followed by SP2-Mys, SB-SLM, SP2-EOS, and ST-Pro ([Table 4](#T4){ref-type="table"}).

The amount of ion released in de-ionized water is shown in [Table 5](#T5){ref-type="table"}. According to the results of the ANOVA, the specimen group x solution interaction was not statistically significant (*P* \> .05). However, the amount of ion released from all specimen groups in the AS was higher than that in de-ionized water. The total mean ion release among groups was statistically significantly different (*P* \< .05). The highest total mean ion release was in St-Pro specimens. According to the results of the Tukey\'s tests, the total mean ion release between ST-Pro and RS-MLab specimens were statistically significantly different (*P* \< .05).

As seen in [Table 6](#T6){ref-type="table"}, according to the results of EDS analysis, weight percentages of the elements on the surface of the specimens were almost the same as those found in the composition of the alloys. In [Fig. 4](#F4){ref-type="fig"}, SEM micrographs of the polished, immersed, and etched surfaces of the specimens are seen. Fine-grained particles are detected on polished surfaces. On the etched surfaces, superficial abrasion and fine particles were observed. In addition, etching of the alloy surfaces, as well as immersion in different solutions, did not affect the surface morphology of the specimens. Porosities were seen on all specimen surfaces.

DISCUSSION
==========

The quality and the properties of resultant product obtained from MLS method are affected from many factors, such as laser power, scan speed, line spacing, strategy of processing and heat treatment.[@B14] The composition of the Co-Cr alloy powder used and the particle size distribution of the powder may also influence the properties or the quality of the product obtained.[@B14] Therefore, some MLS device manufacturers do not recommend or accept some Co-Cr alloy powders to be used with their devices. They only support the production with a certain particle size range and recommended alloy powders. For that reason, each brand of Co-Cr alloy powders could not be tested in each MLS device. In this study, widely used MLS machines, and powders recommended by manufacturers of these machines were selected, and the MLS device and its respective powder was considered as a whole system.

In the present study, the corrosion resistance of five MLS systems was compared. The E~ocp~ values obtained from RS-MLab, SP2-Mys, ST-Pro, SB-SLM, and SP2-EOS alloys treated with AS were plotted as functions of the immersion time in [Fig. 1](#F1){ref-type="fig"}. There was a gradual increase in E~ocp~ during the first two to three hours upon insertion into the solution. The potential of all specimens became relatively stable at about −0.2 V (vs. SCE) after six hours because of the slowly forming unstable oxide layer. E~ocp~ values shifted to more positive potentials in SB-SLM, SP2-Mys, SP2-EOS, RS-MLab, and ST-Pro specimens, leading to more protection resistance. The ST-Pro produced a lower potential oxide layer but was not as stable as the others. Galo et al.[@B15] indicated that for the determination of corrosion resistance of dental alloys, it would not be sufficient solely to consider the E~ocp~. Therefore, in this study, the EIS technique was also used to evaluate the corrosion characteristics of the materials. The application of a time-varying voltage and current response measurement are included in the EIS technique. The ratio of two gives the frequency-dependent impedance.[@B16] It has been demonstrated that EIS is a superior method to characterize corrosion characteristics of metal specimens with surface oxide films.[@B17] Regarding resistance properties of materials that have similar compositions, more precise information can be achieved with EIS. A material that has a high resistance to corrosion is expected to have a high R~ct~ value. In this study, R~ct~ values after 15 minutes were found in similar range. After one hour, EIS results (and R~ct~ values) of all specimens were close to each other. The highest R~ct~ value was 7053 Ωcm^2^ in RS-MLab group, and the lowest R~ct~ value was 4530 Ωcm^2^ in the ST-Pro group. Accordingly, the surface of the RS-MLab specimens appeared to form a more stable corrosion-resistant oxide layer. Considering E~ocp~ and EIS results, a less stable and unstable oxide layer of the ST-Pro specimens may result from the composition of the alloy powder used.

The corrosion resistance of a Co-Cr alloy increase as the proportion of Cr reaches 25%.[@B1] Corrosion resistance depends on the production of passive films on Co alloys. In Co-Cr alloys, corrosion resistance increases due to the passivation effect of the Cr oxide layer covering the surface.[@B18][@B19] In this study, Cr is more than 25% in both ST-Pro and RS-MLab specimens and 25% in SB-SLM specimens. Tungsten (W) serves as an intermetallic compound and helps increase corrosion resistance by the formation of Cr-depleted zones.[@B20] By forming the Co~3~Mo (hcp) intermetallic compound, molybdenum (Mo) improves the corrosion resistance. Mo also acts as a solid-solution strengthener.[@B21] In this study, there is 9% W in the composition of RS-MLab, and there is no Mo. There is 5 -- 6% Mo and 0% W in the composition of ST-Pro. In a previous study, Tuna et al.[@B1] found that the corrosion resistance of Co-Cr alloys with low W content was also low. A small compositional change about these elements mentioned above in the alloy may alter the corrosion behavior of the material.[@B22] Although SP2-Mys and SP2-EOS specimens were produced from the same alloy powder, in this study, small differences in their E~ocp~ and EIS values were found. These differences might be caused by the difference in the MLS system or operating parameters.

Tuna et al.[@B1] revealed that the corrosion resistance of Co-Cr specimens produced by laser sintering was higher than that of cast ones, and R~ct~ values of laser-sintered specimens were up to twenty times higher than those of cast specimens. However, in this study, only Co-Cr specimen groups obtained by laser sintering were compared; thus, the range of difference among them was small. Although there were small differences among both E~ocp~ and R~ct~ / Ω cm^2^ values of the specimen groups, it can be stated that all specimen groups have high corrosion resistance and met the requirements for dental restoration materials (ISO 22674: 2016, Dentistry - Metallic materials for fixed and removable restorations and appliance).

Clinically, possession of minimal ion release is expected from an ideal alloy.[@B23][@B24] The corrosion resistance of a metal or an alloy depends not only on its own properties but also on its interactions with surrounding structures.[@B25][@B26] An alloy may exhibit different corrosion resistance in different solutions or biological environment.[@B27] In this study, immersion tests were performed in Fusayama-Meyer AS and in de-ionized water. In Fusayama-Meyer AS, the total amount of ions released was almost two times higher than that in de-ionized water ([Table 5](#T5){ref-type="table"}). Lu et al.[@B2] reported that in phosphate buffered saline (PBS) solution, approximately 0.22 µg/cm^2^/7d Co was released from laser sintered Co-Cr-W alloy. But in a similar study,[@B11] the immersion test in PBS solution resulted in 0.45 µg/cm^2^/7d Co release from laser-sintered Co-Cr-Mo alloy. In this study, there was a significant difference between the total amount of ions released from St-Pro specimens and RS-MLab in both Fusayama-Meyer AS and de-ionized water ([Table 5](#T5){ref-type="table"}). In different solutions, the amount of ion release was changed. When released ions were examined, it was determined that the maximum amount of Co was released compared to the other elements. The released amounts of Cr, W, and Mo were either too little or were not measurable. In previous studies, it was stated that the most released element was Co from both laser-sintered Co-Cr-W and Co-Cr-Mo alloy.[@B2][@B13][@B28]

Metal ions released from an alloy influence the microstructure and composition of the material, the nature and strength of the metal-oxide bond, the thickness of oxide films, and the role of alloying element.[@B25][@B29][@B30] Some elements involved in biological functions such as Zn, Cu, Ni, Co, Mo, and Cr released from dental alloys cannot exceed the daily dietary intake level.[@B31] The daily dietary intake of Co, Cr, and Mo is 250 µg, 240 µg, and 400 µg, respectively.[@B32]

The corrosion behavior of a material significantly affects the mechanical properties and biocompatibility.[@B33] It is also correlated with several factors, such as the manufacturing process and the alloying elements.[@B34] Studies have shown that leaching of metal ions from Co-Cr-Mo orthopedic implants can cause various diseases, and the addition of calcium phosphate (CaP) to this alloy was found to be effective in reducing ion release and in increasing abrasion resistance.[@B26][@B27] In the present study, the maximum total ion release from the specimens was 0.830 µg/cm^2^/7d in de-ionized water and 1.350 µg/cm^2^/7d in Fusayama-Meyer AS. These amounts are similar compared with the literature findings.[@B13][@B35] The total amount of ion released is well below the standard of EN ISO 10271, 200 µg/cm^2^/7d.[@B1] Xin et al.[@B36] showed that Co-Cr specimens fabricated by MLS had lower metal ion release, higher corrosion resistance, and lower cell proliferation in comparison with the cast Co-Cr alloy specimens that was attributed to the formation of fine microstructure with cellular dendrites during the material\'s rapid solidification.

Porosity deteriorates the mechanical properties of a material. It is undesirable in the microstructure because it causes pitting and crevice corrosion and increases susceptibility to corrosion on the entire material surface.[@B37] Takaichi et al.[@B9] stated that there was a strong correlation between the operational parameters such as scan spacing and laser power of the MLS devices and the porosity, microstructure, and mechanical properties of the sintered alloy. In the MLS technique, it is theoretically accepted that alloys are produced up to 100% nominal density. However, this depends on the very appropriate adjustment of the operating conditions, such as laser power, scan thickness, scan spacing, and the scan rate.[@B24]

The MLS molding process is a rapid melting and solidification procedure. This process reduces porosities and flaws, and a homogenous and small-grained dense material can be obtained.[@B38] Generally, the final product is heat-treated for enhancing the microstructural and mechanical properties. Heat treatment is needed for the elimination of crystal defects such as dislocations in alloys and consequently for stabilization of microstructure and reduction of residual stresses.[@B39]

MLS technique is claimed to be superior to conventional casting technique as it allows the fabrication of objects with enhanced mechanical properties even in complex geometries and very fine microstructures.[@B40] Fast cooling in the MLS technique provides smaller grains compared to slow cooling process in conventional casting. In different studies, it was shown that Co-Cr alloys fabricated by the SLM technique possessed much finer grains and superior mechanical properties when compared with the casting technique.[@B6][@B17] Moreover, a much finer and non-equilibrium structure could be seen in SLM groups with a grain size of 2 -- 20 µm.[@B7]

The MLS process starts with laser irradiation on the metal powders, and a molten pool is formed. Each molten layer (\~1400℃) is rapidly cooled down to the preheated bed temperature of approximately 200℃. The designed structure is produced layer-by-layer according to layer thickness information of the system. The final performance of the built structure is determined by the shape and continuity of the pool. In a recent study, it was revealed that the geometry of the molten pool affected the properties of the Co-Cr alloys and the morphology of the molten pool was associated with laser power, scanning line spacing, and sweeping speed.[@B41]

In the MLS process, melting temperature, laser beam absorption/reflection coefficients, and thermal conductivity properties of an alloy should be evaluated for adjusting the operational parameters. In reference to Co-Cr dental alloys, these data are well known and remain unchanged. However, the average grain diameter of the powder brand used would affect mechanical properties and other metallurgical phenomena during solidification.[@B9][@B39] In the current study, although SP2-Mys and SP2-EOS specimens were produced from the same alloy powder, there was a difference in their E~ocp~ and R~ct~ values. The powder supplied from the powder dispenser is affected by splashes in laser scanning. Some powder particles may be fused by the laser beam, and in the case of laying a new layer of powder, the fused grains in the powder bed may affect the sintering quality of the material. Therefore, after each laser sintering process, it is important to ensure that the powders, remaining on the top of the powder dispenser and in the powder bed are collected and sieved by means of a special vacuum cleaner to guarantee powder quality standardization.

Instrument settings affect the sintering procedure and the quality of the final product. These settings cover heating rate, holding time, and the temperature of the preheated bed, as well as scan speed and layer thickness.[@B9][@B42] The layer thickness of the first manufactured SLM systems was about 50 to 80 µm. The developments on the machines enabled the production of layer thicknesses as 20 µm in dental applications.[@B42]

The overall corrosion behavior of an alloy is correlated with the elemental composition and distribution in the material, and it is strongly affected by the segregation of alloying elements in the microstructure.[@B22] In the Co-Cr specimens obtained by the casting method, the overall ratio of the elements in the alloy surfaces and the general content of the material are not similar.[@B28] In addition, the distribution of the elements in the surface and the interior of the material may also be different. In this study, according to the results of EDS analysis, the percentages of the elements in the surface of the samples were found to be almost the same as the element ratios in the content of the alloy. The microstructural heterogeneities could act as an initiating site for preferential corrosion.[@B43] In the current study, in SEM images, fine homogeneous particles were observed ([Fig. 4](#F4){ref-type="fig"}). Differences between the laser W power of the devices, the contents of the powders used, and the differences in particle size distributions may have affected the results of this study.

CONCLUSION
==========

There were small differences among the corrosion resistances of the Co-Cr alloy specimens produced with MLS systems in this study. The corrosion resistance of all specimens was found to be quite high and met the requirements for dental restoration materials. In AS solution, the ion release was higher than that in de-ionized water. The differences might be due to the contents of the alloys used, the particle sizes of the powders, and other reasons such as operating parameters.

![E~ocp~ curves for 10 hours.](jap-12-114-g001){#F1}

![(A) Nyquist plots of specimens recorded in artificial saliva solution and equivalent circuit model based on EIS measurements of data obtained, (B) Experimental (red dotted) and fitted (yellow dotted) data for the Nyquist curve of RS-MLab.](jap-12-114-g002){#F2}

![Bode plots of specimens recorded in artificial saliva solution.](jap-12-114-g003){#F3}

![SEM view of polished, immersed, and etched specimens from each group. (A) ST-Pro, (B) SP2-Mys, (C) SP2-EOS, (D) SB-SLM, (E) RS-MLab (Magnification ×10,000).](jap-12-114-g004){#F4}

###### MLS machines with their technical information

![](jap-12-114-i001)

      Machine (Model)   Laser (Source)   W     Layer thickness (µm)   Laser spot diameter (µm)   Scanning speed (m/s)
  --- ----------------- ---------------- ----- ---------------------- -------------------------- ----------------------
  1   ProX 100          Fiber            50    20                     28                         2
  2   Mysint 100        Fiber            90    20                     50                         8
  3   EOSINT M 270      Yb-Fiber         185   20                     200                        2
  4   SLM 100           Fiber            100   20                     28                         0.2
  5   MLab Cusing       Fiber            100   20                     50                         2

1\. 3D SYSTEMS (Riom, France), 2. SISMA SpA (Rocchette, Italy), 3. EOS GmbH (Munich, Germany), 4. ReaLizer GmbH (Borchen, Germany), 5. Concept Laser GmbH (Lichtenfels, Germany).

###### The chemical composition of the commercial Co-Cr alloy powders and coding of the systems (machine + powder

![](jap-12-114-i002)

  N   Powder Code   Element (% of weight)   MLS (Machine)   System (Machine+Powder)                                                                   
  --- ------------- ----------------------- --------------- ------------------------- ----- ------- ---------------------------------- -------------- ---------
  1   ST            Balance                 28 - 30         5 - 6                     \-    0 - 1   Mn 0 - 1; Fe 0 - 0.5; C 0 - 0.02   ProX 100       ST-Pro
  2   SP2           61.8                    23.7            4.6                       4.9   0.8     Fe max 0.5; Mn max 0.1             Mysint 100     SP2-Mys
  3   SP2           61.8                    23.7            4.6                       4.9   0.8     Fe max 0.5; Mn max 0.1             EOSINT M 270   SP2-EOS
  4   SB            59                      25              3.5                       9.5   1       (C + Fe + Mn + N ) \< 1            SLM 100        SB-SLM
  5   RS            60.5                    28              \-                        9     1.5     (Mn + N + Nb + Fe) \< 1            MLab Cusing    RS-MLab

The coding was done according to the name of the laser sintering machine and the specific powder used in the production of each specimen group.

ST: ST2724G; Sint-tech, Riom, France. LOT: 16D0296

SP2: EOS SP2; Turku, Finland. LOT: H301601

SB: Starbond CoS S&S; Scheftner GmbH, Mainz, Germany. LOT: 019020817

RS: Remanium® star; Dentaurum, Ispringen, Germany. LOT: 474975A

###### Open circuit potential (E~ocp~) values at 15, 60 minutes, and steady-state (Mean ± SD)

![](jap-12-114-i003)

  Specimen                            E~ocp~ 15 min           E~ocp~ 60 min         E~ocp~ steady state
  ----------------------------------- ----------------------- --------------------- ---------------------
  ST-Pro                              -0.243 ± 0.020^Ca^      -0.210 ± 0.010^Bb^    -0.176 ± 0.011^Ac^
  SP2-Mys                             -0.220 ± 0.060^Ca^      -0.183 ± 0.032^Bab^   -0.126 ± 0.020^Ab^
  SP2-EOS                             -0.240 ± 0.030^Ca^      -0.193 ± 0.015^Bb^    -0.143 ± 0.030^Abc^
  SB-SLM                              -0.230 ± 0.040^Ca^      -0.140 ± 0.070^Ba^    -0.050 ± 0.104^Aa^
  RS-MLab                             -0.220 ± 0.060^Ca^      -0.183 ± 0.035^Bab^   -0.143 ± 0.020^Abc^
  Time × specimen group interaction   F = 3.446 *P* = .0121                         
  Time                                F = 89.015 *P* = .000                         
  Specimen                            F = 1.231 *P* = .364                          

Different superscript capital letters mean a statistically significant difference among times in each system, and different lower-case superscript letters mean a statistically significant difference among the systems at each time, according to Tukey\'s tests.

###### R~ct~/Ω cm^2^ values at 15 minutes and 60 minutes (Mean ± SD)

![](jap-12-114-i004)

  Specimen                            R~ct~/Ω cm^2^ (15 min)   R~ct~/Ω cm^2^ (1 h)
  ----------------------------------- ------------------------ ---------------------
  ST-Pro                              3640 ± 360^Bb^           4530 ± 223^Ad^
  SP2-Mys                             3550 ± 304^Bb^           6313 ± 130^Ab^
  SP2-EOS                             4160 ± 819^Ba^           5090 ± 144^Ac^
  SB-SLM                              3813 ± 924^Bab^          5843 ± 178^Ab^
  RS-MLab                             3350 ± 156^Bb^           7053 ± 195^Aa^
  Time × specimen group interaction   F = 14.989 *P* = .000    
  Time                                F = 218.465 *P* = .000   
  Specimen                            F = 4.374 *P* = .027     

###### ICP-MS results of total ion release from specimens (Mean ± SD)

![](jap-12-114-i005)

  Total of the released ions (µg/cm^2^ × 7 d)                                          
  --------------------------------------------- ---------------------- --------------- -----------
  ST-Pro                                        0.830 ± 0.380          1.350 ± 0.851   1.090^A^
  SP2-Mys                                       0.504 ± 0.253          1.094 ± 0.253   0.799^AB^
  SP2-EOS                                       0.794 ± 0.318          1.129 ± 0.622   0.962^AB^
  SB-SLM                                        0.770 ± 0.377          1.040 ± 0.692   0.905^AB^
  RS-MLab                                       0.463 ± 0.172          1.074 ± 0.358   0.769^B^
  Total mean                                    0.6722^B^              1.1374^A^       
  Specimen group × solution interaction         F = 1.137 *P* = .367                   
  Specimen group                                F = 3.037 *P* = .041                   
  Solution                                      F = 49.02 *P* = .000                   

Different superscript capital letters mean a statistically significant difference between total means in each solution, according to Tukey\'s tests.

###### Results of the EDS in weight %

![](jap-12-114-i006)

  Specimen   Element (weight %)                                 
  ---------- -------------------- ------- ------ ------- ------ --------------------
  ST-Pro     61.78                31.54   2.96   \-      0.23   Mn: 2.04
  SP2-Mys    63.31                25.98   3.84   5.87    1      
  SP2-EOS    63.02                26.48   3.82   5.82    0.86   
  SB-SLM     57.39                26.05   3.34   11.49   1.01   Fe: 0.62; Mn: 0.1
  RS-MLab    60.16                28.97   \-     8.62    1.48   Fe: 0.30; Mn: 0.45
